An exponential type creep equation has been developed for heat resistant steels by the authors. This equation was induced assuming both a thermally activated process for a mobile dislocation and rather high applied stress. The applicability of the new creep equation was examined for a pure iron, two kinds of Ni-base super alloys and an eutectic solder alloy in a Pb-Sn system which were tested at relatively high temperatures and under very low stresses. All of the data obtained were completely explained by the new creep equation. The data for each alloy were classified into a few groups, where a deformation mechanism may be different with each other. The new creep equation is valid for stresses higher than the half value of the slope in a logarithm of time to rupture vs. linear stress diagram.
Introduction
Creep rate or time to rupture of materials depends strongly on both temperature and stress, and many creep equations have been proposed. [1] [2] [3] [4] A typical equation has been phenomenologically expressed as follows;
where _ " ", _ " " 0 , , n, Q, R and T are the steady state creep rate, a material constant, the uni-axial applied stress, the stress exponent, the apparent activation energy, the gas constant and the absolute temperature, respectively. The similar equation has been applicable to the time to rupture, because the Monkman-Grant relation 5) is valid for many materials. For many pure metals and soft materials it is known that when the stress is relatively low n ¼ 3{5, and the value of Q is a little larger than that for self-diffusion, Q d . The values of the stress exponents have been semi-theoretically explained. 6) However, for many practical materials, the values of n and Q in eq. (1) are much larger than n ¼ 3{5 and Q d . 2, 4, 7, 8) In order to compensate this inconsistency, a concept of effective stress, i.e. the applied stress minus the internal stress, i , has been introduced. 4, 9, 10) Therefore, the creep equation has been modified as
Some researchers [11] [12] [13] reported that the modified stress exponent, n 0 , and the modified apparent activation energy, Q 0 , approached to the low values, respectively, which were explained by the classical creep theory. 2, 6) However, as pointed by Feltham and Meakin 14) and/or Rösler and Artz, 15) the physical meanings of the stress exponents, n and n 0 , and the apparent activation energies, Q and Q 0 , have not yet been clear. Moreover, though the some metallurgical explanations 16, 17) were made concerning with the internal stresses, in general, the internal stress has not yet been correlated with microstructural parameters quantitatively.
On the other hand, theoretical creep equations of a sinh type have been also proposed on the bases of a thermally activated process for dislocation motion. 3, 4, [18] [19] [20] [21] The effective stress concept has also been discussed on the sinh equations. 22, 23) However, physical meanings of the variables or the material constants of the creep equations, such as the activation energy, the activation volume and the internal stress, are not always clear and the relations between these variables or material constants and the microstructures have not yet been established satisfactorily. 3, 4, 18) Under these circumstances, Tamura et al. 24) have proposed a new creep equation of an exponential type for heat resistant steels on the assumption of a thermally activation process for slip motion of dislocations. The new equation has been proved to be applicable to the creep rupture data beyond 100 thousands hours 24) and the physical meanings of the material constants in the new equation have been discussed quantitatively. 25) The equivalent obstacle spacings which can be calculated using only the creep data are reported to be comparable to the microstructural parameters, such as interparticle distance, observed under a transmission electron microscope. 25, 26) The applicability of the new equation has been established for only the practical heat resistant steels tested under relatively high stress levels. In this study, besides the data of the practical heat resistant steels, collecting creep data of some super alloys, a solder alloy and a pure iron which were obtained under low stresses and relatively high temperatures, the applicability of the new exponential creep equation has been studied extensively.
Back Ground of the Exponential Law and Power Law
In case of the uniform dislocation creep, the steady state creep rate is given by
where , b, v are the mobile dislocation density, the length of Burgers vector and the average dislocation velocity, respectively. The coefficient of 0.5 in eq. (3) is a conversion factor of shear strain to normal strain. If the velocity of a dislocation is assumed to be controlled by a thermally activated process, v is expressed by the following equation.
where v 0 is a material constant. Q À V is the change in the Gibbs free energy for the forward motions of dislocations in the matrix of one mole and Q þ V is that for the backward motions and ÀV corresponds to the potential drop of a loading system. 27) Since the Monkman-Grant relation, 5) eq. (5) where C m is a constant, is hold between minimum creep rate and time to rupture, assuming that the steady state creep rate is nearly equal to the minimum creep rate and combining eqs. (3)-(5) the time to rupture, t r , is expressed as eq. (6).
Here, we define a new parameter, X, as
The parameter, X, denotes what times the potential drop of a loading system during creep is larger than the energy of thermal fluctuation and we call X temperature compensated stress, for simplicity.
When X > 1, assuming that expðÀXÞ can be neglected as compared with expðXÞ, and defining t r0 as eq. (8), the time to rupture, t r , is given by eq. (9) or (9 0 ).
This is the new equation proposed by the authors. 24 ) Figure 1 shows the stress vs. time to rupture diagram of 0.5%Cr-0.5%Mo steel (STBA20 in JIS, Heat MFB) 28) where a log-log plot is adopted according to the conventional power law (hereinafter, % means mass%). The data are fitting by a spooline for every temperature. A slope of the spooline, an absolute value of which corresponds to the stress exponent of eq. (1), varies complexly with the temperature and stress. Therefore, to predict the rupture stress at a longer time is very difficult. On the contrary, the new creep equation, eq. (9), requests that the linear stress should be plotted against the logarithm of the time to rupture. According to the theory, the data of 0.5%Cr-0.5%Mo steel are re-plotted as shown in Fig. 2 . The data can be roughly classified into three groups fitted by almost parallel straight lines and the gradient for each group changes largely on the boundaries of about 150 MPa or 1000 h at high stress as seen in the figure. This implies that after these boundaries the values of Q, V and t r0 change largely and, thus, a deformation mechanism and/or microstructure may change. These changes cannot be found out clearly through Fig. 1, i. e. a conventional log-log plot.
A parameter, t r0 , of eq. (9) is correlated with the wellknown constant of the Larson-Miller parameter, 29) C, by eq. (10).
Regression analyses were made on each data group according to eq. (9 0 ) and the calculated values of Q, V and C are shown in Table 1 .
Solving eq. (9) as , we obtain using eq. (10)
According to eq. (11) we can easily draw the regression lines using the material constants. As shown in Fig. 2 , the fitness of eq. (9) or (11) is excellent, and so the extrapolation of the data to a longer time is easy and accurate using the material constants listed in Table 1 . Moreover, if the material constants, Q, V and C, are given, the estimated relation between and t r at a temperature where creep tests were not conducted can be easily obtained. An example for Gr.3 of 0.5%Cr-0.5%Mo steel at 500 C is shown by a broken line in The values of Q for 0.5%Cr-0.5%Mo steel are considerably larger than the activation energy of self diffusion of the matrix and the physical meaning of Q and V are given in the literature. 25) The values of C of Grs.2 and 3 are near 20. However, the material constants of Gr.1 of 0.5%Cr-0.5%Mo steel are less reliable because of the shortness of enough data number. As shown in eq. (10), C is a function of mobile dislocation density and, therefore, should depend on the temperature and stress. However, empirically we have known that C is roughly constant, i.e. 20, over many creep data of a given material tested under various conditions.
In Fig. 2 the data were classified into three groups, for simplicity. However, the material constants of eq. (9) should be calculated using only three independent data with different stress and temperature. Therefore, Q, V and C can be calculated more precisely as a function of temperature, stress and time to rupture. Using these values the metallurgical parameters, such as the inter-particle distance, can be predicted like a function of continuous time, temperature and stress. 25) By the way, if X % 0, sinh X % X and, therefore, from eq. (6) we obtain
This equation is phenomenologically equivalent to the Happer-Shepard-Dorn's equation 19) which explains the creep rate of pure Al under extremely low stresses assuming uniform dislocation creep but not the Nabarro-Herring creep as a major deformation mechanism.
From eqs. (6)- (8), (10) the theoretical equation, eq. (6), can be rewritten as
When X ) 1, the approximate equation, eq. (9), can be rewritten as
When X ( 1, the approximate equation, eq. (12), can be rewritten as ln t r þ 2:3C À Q=RT ¼ À lnð2XÞ: ð15Þ Figure 3 shows the theoretical relation between the parameter, X, and temperature compensated time to rupture, ln t r þ 2:3C À Q=RT. Time to rupture should be essentially expressed by eq. (6) or (13) for a dislocation creep if the Monkman-Grant relation is valid. However, it is clear from Fig. 3 that eq. (13) is suitably approximated by eq. (14) or (15) for X > 1 or X < 1, respectively. Equations (9) or (14) and (12) or (15) are simple and, therefore, suitable for practical use.
By the way, by expanding sinh X by a series, we obtain
If sinh X could be represented by X n =n! for the limited values of X, i.e.
Combining eqs. (6) and (8), we obtain
This equation is equivalent to the well-known power law type equation. 
In Fig. 3 the relations of eq. (19) for n ¼ 5 and n ¼ 10 are drawn. It is seen from Fig. 3 that the value of the right hand side of eq. (19) is always larger than the theoretical value of eq. (13) for a given value of X and is approaching to the theoretical line within a factor of 2 for the limited values of X.
In other word, in order to approach the right hand side of eq. (19) closely to the theoretical value, i.e. À lnð2 sinh XÞ over a wide range of X, the value of n should be changing according to the value of X, i.e. stress and temperature. On the contrary, it is clear from Fig. 3 that if the value of n is constant, the power low equation is not valid for a wide range of X as compared with the exponential low. Setting n ¼ 1 in eq. (19), we obtain the same equation with eq. (15) . This means that the power law equation is theoretically significant only when n ¼ 1.
The new creep equation eq. (9) or (14) is exactly valid for X > 1. Therefore, it becomes a problem to show the reasonableness of the assumption of X > 1.
Value of X for Some Materials

Heat resistant steel for power boilers
It is easy to plot creep data on an X vs. temperature compensated time to rupture diagram like Fig. 3 if the material constants, Q, V, C are known as shown in Table 1 . The results for the 0.5%Cr-0.5%Mo steel are shown in Fig. 4 . It is seen from Fig. 4 that all of the data for Gr.2 and 3 lie in a range of X > 2 and are very closely on the theoretical line. In the figure, the data for Gr.1 are omitted for simplicity, because X is ranging from 60 to 100. However, the data for Gr.1 are on the theoretical line like Grs.2 and 3.
There have been many methods describing creep stress as a function of temperature compensated strain rate or time to rupture, i.e. the Zener-Hollomon parameter, 19, 23, 31) the OrrSherby-Dorn parameter, 32) the Larson-Miller parameter, 29) etc., 2,3) but the master curves are still curved and some extra parameters are needed for describing the master curves, though the unknown constant in the parameter is only one, like the Larson-Miller parameter, P ¼ Tðlog t r þ CÞ. In order to illustrate Fig. 4 we need three kinds of parameters for each data group or 6 materials constants, i.e. Q 2 , V 2 , C 2 and Q 3 , V 3 , C 3 . However, these material constants can be easily and steadily calculated as mentioned above and the master curve is always theoretically linear line given by eq. (14) . Figure 5 shows a stress vs. time to rupture diagram of 18%Cr-8%Ni steel (SUS304HTB in JIS Heat ABA) 33) The rupture data can be classified into 4 groups. The material constants of eq. (9) are listed in Table 1 . The values of materials constants for Grs.1 and 2 are common in most of the practical heat resistant steels. 24) The values of C and Q for Gr.4 are rather small and the value of V for Gr.4 is large as compared with those for Grs.1 and 2. This trend is general for many heat resistant steels tested at high temperature. 24, 25) On the contrary, the values of Q, V, C for Gr.3 are small as compared with those of the other groups. Under the test conditions for Gr.3 sigma phase is formed on the grain boundaries, and so, a lot of cavities are formed near the sigma phase particles, and as a result specimens are ruptured after small tensile elongation.
24) The non-uniform deformation like this is out of the scope of the present theory, i.e. eq. (9). Figure 6 shows an X vs. ln t r þ 2:3C À Q=RT diagram of the 18%Cr-8%Ni steel. From the figure it is seen that all of the data lie in a narrow band near the theoretical line, i.e. eq. (13). The values of X for Grs.1, 2 and 4 are larger than 2 and the minimum value of X is not realized at high temperatures, i.e. Gr.4, but the minimum occurs for Gr.3, where the nonuniform deformation due to the precipitation of phase on the grain boundaries controls the rupture life. Figure 7 shows a stress vs. time to rupture diagram of pure iron. The chemical composition of the pure iron is 0.0031%C-0.0019%N-0.02%Al-Fe and the details of a manufacturing procedure is shown in the literature. 26 ) Linear relations are confirmed in a vs. log t r diagram, though the test durations are limited in order to prevent the effect of nitrization during creep test in air. The values of the material constants are listed in Table 1 . That the apparent activation energy is roughly equal to the activation energy of selfdiffusion and that the activation volume increases are general characteristics of soft materials tested at high temperatures. 24 ,34) Figure 8 shows an X vs. ln t r þ 2:3C À Q=RT diagram of the pure iron. The values of X are larger than 3, though the test durations are limited. The value of X is decreasing when the stress is decreasing, if the same deformation mechanism is operating and then the linear relation of eq. (14) will break down when X < 1. However, in order to confirm this break down we need several thousands hours at least and also we needs setting a vacuum chamber on a creep tester to prevent the nitrization. Therefore, these problems should be solved in future.
Pure iron
Super alloy
There are many creep data of high strength super alloys for use in jet engines. However, what we should discuss in this paper is whether the linear relation of eq. (9) or (14) breaks down or not for a low value of X, i.e. low stress and high temperature test. In this sense, a stress vs. time to rupture diagram of SSS113MA is shown in Fig. 9 . The alloy was developed for use in a steam generator of nuclear steel making processes. 34) The chemical composition of SSS113MA is 0.035%C-0.04%Si-22.64%Cr-17.69%W-0.47Ti-0.032%Zr-0.0007%N-0.16%Fe-Ni. The specimens were taken from a seamless tube and the details of the manufacturing procedures are shown in the literature and the creep tests were conducted in air. 35, 36) The creep data were classified into 2 groups and the material constants were listed in Table 1 . The high values of V is a characteristic feature for high temperature creep and the high value of Q is a characteristic feature of high strength materials. 24, 25) Figure  10 shows an X vs. ln t r þ 2:3C À Q=RT diagram of SSS113MA. The values of X for Gr.2 are ranging in a low value of X. However, the minimum value of X is larger than 2 even for the creep test at 1050 C beyond several thousands hours. Therefore, the exponential law represented by eqs. (9) and (14) is valid for not only the heat resistant steels but also the super alloys tested even at very high temperatures. Equation (9) is induced assuming the uniform deformation due to the dislocation creep, which excludes the local deformation as observed in the 18%Cr-8%Ni steel, i.e. Gr.3 of Fig. 5 . It is well known that at high temperatures grain boundary sliding may take place. Concerning to this point Tamura et al. 37) reported that the grain boundary sliding is not a rate controlling mechanism in SSS113MA. The national project on the nuclear steel making had developed several superior super alloys. 34) Among these alloys, R4286 is another typical super alloy, which is strengthened by 0 phase. The chemical composition is 0.049%C-0.06%Si-18.89%Cr-10.65%Co-3.98%Mo-5.80W-2.13%Al-2.41%Ti-0.0036%B-0.054%Zr-0.31%Fe-Ni.
38) The specimens were taken from a bar and the creep tests were conducted in air and the details of the manufacturing procedures are shown in the literature. 36 ) Figure 11 shows a stress vs. time to rupture diagram of R4286. 36, 38) The rupture strengths of R4286 at 1000 C are comparable with those of SSS113MA, however the rupture strengths of R4286 at 900 C are much higher than those of SSS113MA, which are caused by the precipitation of 0 phase. The creep data were classified into 2 groups, though the data are limited and the material constants were listed in Table 1 . The reliability of the material constants is not so high as compared with the other materials. The high values of V for Gr.2 is a characteristic feature for high temperature creep and the high value of Q is a characteristic feature of high strength materials. 24, 25) Figure 12 shows an X vs. ln t r þ 2:3C À Q=RT diagram of R4286. It is seen from the figure that the minimum value of X is larger than 2.
Solder alloy
In the previous section it is shown that the exponential law is valid even for the super alloys tested at very high temperatures. The normalized testing temperature, T=T m , of the super alloys is around 70% and enough high as compared with those of the heat resistant steels for power boilers, i.e. 60% at most where T m is the melting point in Kelvin. Another typical practical material with high T=T m is solder alloy, i.e. about 70%. Figure 13 shows a stress vs. time to rupture diagram of a eutectic alloy in a Pb-Sn system. The chemical composition of the solder is 37.45%Pb-Sn. The alloy is melted at 300 C and cast in a steel crucible of 15 inner diameter and 120 depth in mm. The ingots were pre-heated at 80 C for 20 h for the purpose of normalization and the creep specimens were machined with the gauge portion of 9 and ' 45 mm and the creep rupture tests were conducted at room temperature to 
80
C. The creep data can be classified into three groups as shown in the figure. The material constants calculated using eq. (9) are listed in Table 1 . High values of V are a characteristic feature of the creep tests at high temperatures. The values of Q for Grs.1 and 2 are about the half values of the activation energy of self diffusion of Pb or Sn 43) and are comparable to the activation energy of grain boundary diffusion of Pb or Sn. 44) On the other hand, the value of Q for Gr.3 is comparable to the activation energy of self diffusion of the constituent elements. Takada et al. reported the results of creep rupture test of 37%Pb-Sn solder alloy. 45) Their data were re-analyzed using eq. (9) and 57.4 kJ/mol was obtained as the apparent activation energy. The values of Q for some lead free solder alloys were also determined using a conventional creep equation like eq. (1) and the value is ranging from 52 to 115 kJ/mol. 46, 47) Therefore, the observed value of Q for the solder alloy is essentially same with the other researchers and, thus, the creep data shown in Fig. 13 are reliable.
The low value of the activation energy suggests that the creep phenomenon for Grs.1 and 2 is mainly controlled by boundary diffusion between the eutectic phases in the fine eutectic structure. And the high value of the activation energy for Gr.3 suggests that under lower stresses, i.e. after longer times, the fine eutectic structure may become coarse and volume diffusion mainly controls the creep rate for Gr.3. In order to confirm this explanation the metallurgical observation should be needed. However, the long-term tests are now under loading and the metallurgical analyses have not been completed.
The exponential creep equation of eq. (9) has been introduced on the assumption of uniform dislocation creep. However, this may not be always a necessary condition. The reason is that eq. (9) is valid even when the non-uniform deformation near the boundaries, i.e. Grs.1 and 2 of the solder alloy (Fig. 13) , determines the rupture life, if a thermal activated process controls the rupture life. Figure 14 shows an X vs. ln t r þ 2:3C À Q=RT diagram of the Pb-Sn solder. The minimum value of X occurs at 80 C and 1.7 MPa, Gr.2, and the relation of X > 1 is still hold.
4. Discussion 4.1 Materials to which the exponential law can be applicable From the above discussion it is clear that the relation of X > 1 is hold and, therefore, the exponential law should be valid for not only the practical heat resistant steels but also both the super alloys and the solder alloy tested under a wide range of test conditions.
The exponential law is valid on the following assumptions; I) the creep rate is controlled by the dislocation creep, II) the velocity of dislocations is controlled by a thermally activated process, III) the Monkman-Grant relation 5) is established and IV) the material constants, Q, V, C, are constant. 27 ) Physical meanings of the material constants, Q, V, C, can be explained, if the above assumptions are satisfied.
28) The last assumption can be satisfied, if the test conditions are in a narrow range. The 3rd assumption may break down when rupture elongation is small. In such a case, an exponential creep law concerning steady state creep rate which is similar with eq. (9) should be established. Therefore, the steady state creep rate for a given temperature and stress can be estimated, though the reliable open literature on steady state creep for these material is limited. Among the assumptions the 1st assumption is the most important. However, the exponential law is still hold within limited test conditions for the materials of the eutectic solder alloy as shown in Fig. 13 and the 18%Cr-8%Ni stainless steel of which rupture life is controlled by intra-granular fracture due to the brain boundary precipitation of sigma phase. 27) The calculated values of Q for these alloys are, in general, smaller than the values of self diffusion of the matrix and, in other word, in such cases it is guessed that non-uniform deformation such as crack propagation along grain boundaries may take place.
Prediction of rupture life at a longer time
The creep equation can provide us I) proper interpretation for creep deformation and II) the prediction of rupture life at a longer time. Concerning the 2nd purpose many researchers have proposed some creep equations and the evaluations for these creep equation have been made. It is well known that the extrapolated rupture strength by the Larson-Miller method is higher than the experimental values. In order to improve this fault many parametric methods have been developed 32, 36) and recently the accuracy of the prediction has been improved by analyzing creep curves 48) However, physical and/or metallurgical meanings of many adjustable parameters adopted have not been explained. Therefore, we cannot ascertain whether the values of the parameters which are optimized using short time data can be acceptable at a long time or not. Namely, many parametric creep equations can be certainly applicable for the interpolation of rupture life, but careful attention should be needed for the extrapolation of rupture life.
On the other hand, the proposed exponential law is a theoretical one and, therefore, eq. (9) can be applicable for the extrapolation of rupture life, if the above assumptions are satisfied and the material constants, Q, V, C, are metallurgically reasonable in an aiming test condition. 
Applicable limit of the exponential law
In the linear stress vs. logarithm of time to rupture diagrams as shown in Figs. 2, 5, 7, 9, 11 and 13 there are many folding points on the regression lines at a constant temperature. Deformation mechanism may change around these folding points, where the material constants change as shown in Table 1 . At the folding points the regression lines are concave upward, then the rupture life become longer after the folding points. On the other hand, time to rupture observed should become longer at a lower stress as expected from the high stress data, according to the theoretical equation, i.e. eq. (6) . In order to distinguish these two effects, an X vs. ln t r þ 2:3C À Q=RT diagram of the Pb-Sn solder is re-plotted in Fig. 15 . The black dots in the figure are the data for Gr.1. If the creep tests are conducted under much lower stresses and the same deformation mechanism is operating, the data points obtained should be plotted along the real line, i.e. the sinh law. The values of ln t r þ 2:3C À Q=RT for Grs.2 and 3 are calculated using the material constants of Gr.1 and the results are plotted in the figure by open circles. However, as shown in the figure, the calculated values shown by the open circles do not follow the sinh law. Therefore, it is clear that deformation mechanisms for Grs.2 and 3 should be differ from that of Gr.1, because the rupture lives presented by the open circles are longer than those calculated from the theoretical one, i.e. the real line in Fig. 15 .
Since the exponential law represented by eq. (9) is an approximate equation of the theoretical equation of eq. (6), there should be an application limit of eq. (9). Differentiating partially eq. (11) by log t r , we obtain using eq. (7) @ @ log t r ¼ À 2:3 X
If we assume that the approximation breaks down when X ¼ 1, we obtain @ @ log t r ¼ À2:3; ð21Þ or,
The absolute value, j @ @ log t r j, means the slope of a regression line in a vs. log t r diagram. Therefore, the exponential law is judged to be valid roughly for a stress higher than a half value of change in stress, Á, for change of one digit in time to rupture, Á log t r ¼ 1. However, as shown in Figs. 4, 6, 8 , 10, 12 and 14, temperature compensated stresses, X, are always larger than one and, therefore, the exponential law is applicable to many kinds of alloys tested under a widely ranged conditions independent of the difference in a deformation mechanism.
Conclusion
The creep equation of an exponential law type which has been developed for some heat resistant steels by the authors is applied to a pure iron (tested at 600-650 C), the super alloys of the chemical compositions: 0.035%C-0.04%Si-22.64%Cr-17.69%W-0.47Ti-0.032%Zr-0.0007%N-0.16%Fe-Ni (tested at 900-1050) and 0.049%C-0.06%Si-18.89%Cr-10.65%Co-3.98%Mo-5.80%W-2.13%Al-2.41%Ti-0.0036%B-0.054%Zr-0.31%Fe-Ni (tested at 900-1000 C) and a eutectic solder alloy of Pb-Sn system (tested at room temperature to 80 C). Following conclusions are obtained.
(1) The exponential law is valid not only for heat resistant steels but also for the pure iron, the super alloys and the eutectic Pb-Sn solder which were tested at relatively high temperatures and under low stresses. (2) The creep data can be in general, classified into a few groups, where a deformation mechanism may be different with each other. (3) The exponential law is valid for a stress roughly higher than the half value of a slope in a linear stress vs. logarithm of time to rupture diagram.
